Abstract: 1.5 femtosecond long single-cycle optical pulses that have a constant envelope phase are constructed from commensurate vibrational Raman sidebands produced by molecular modulation in room temperature H 2 . ©2007 Optical Society of America [5] However, pulses produced from high-order harmonic generation have low peak power owing to the typical 10 -7 -10 -9 conversion of the high harmonic generation process, and the photon energy falls in the soft-x-ray (30-100 eV) range. These pulses therefore are useful only for investigating photoionization and photoelectron dynamics of atoms and small molecules in the vuv. In contrast, high-order collinear Raman sideband generation produces pulses in the optical region from the infrared to the deep-uv [6] and the process has been shown to have near-unity conversion efficiency in producing a broad spectrum.
The rise in interest in attosecond science has stimulated intense efforts in the generation of ultrashort subfemstosecond pulses. Two techniques, high-order harmonic generation [1] [2] [3] and high-order collinear Raman sideband generation [4] , have surfaced as the most promising techniques to produce ultrashort pulses. Single-cycle 130 attosecond long pulses were demonstrated using high-order harmonic generation of femtosecond Ti:sapphire lasers. [5] However, pulses produced from high-order harmonic generation have low peak power owing to the typical 10 -7 -10 -9 conversion of the high harmonic generation process, and the photon energy falls in the soft-x-ray (30-100 eV) range. These pulses therefore are useful only for investigating photoionization and photoelectron dynamics of atoms and small molecules in the vuv. In contrast, high-order collinear Raman sideband generation produces pulses in the optical region from the infrared to the deep-uv [6] and the process has been shown to have near-unity conversion efficiency in producing a broad spectrum. [7] The approach is initially developed by Harris et. al. at
Stanford University. Using this approach the Harris group generated with cryogenic D 2 a train of single-cycle pulses with a pulse envelop width of 1.6 fs and a peak power as high as 1 MW [8] .
Since ultrashort pulses contain at most a few cycles, having a stable carrier envelope phase becomes essential in applying these pulses to attosecond science research. While pulses of constant envelope phase has been generated from the high-order harmonics technique using phase-stabilized femtosecond Ti:sapphire lasers, it has not been reported for the molecular modulation approach. Here, we report the generation of a train of single cycle optical pulses with a constant envelope phase by molecular modulation in room temperature hydrogen.
We have previously reported successful generation of collinearly propagating Raman sidebands in room temperature H 2 using two independently tunable pulse-amplified single-frequency lasers of nanosecond duration.
By appropriately detuning the incident lasers from the Raman resonance and applying sufficient intensity we overcame the large Doppler effect in vibrational H 2 to produce sidebands with wavelengths that range from 2216 nm in the infrared to 133 nm in the vacuum ultraviolet. The frequencies covered by these sidebands span over 4 octaves for a total of more than 70600 cm -1 in the optical region of the spectrum. This spread in frequency is sufficient to produce a train of ultrashort pulses in the subfemtosecond regime. [9] a126_1.pdf ThA4.pdf
A necessary condition to produce pulses with a constant envelope phase is to have a spectrum composed of commensurate frequencies. i.e. ω i = m (ω i -ω i-1 ), for every i and m is an integer. ω i is the i th frequency component of the spectrum. This condition is automatically satisfied in a spectrum generated by high order harmonics. In a spectrum composed of collinearly propagating sidebands, in order to satisfy this condition it requires that the input wavelengths are such that the frequency of each laser is an exact multiple of the difference in frequency of the two lasers.
By tuning our two lasers to 802 nm for one laser and 602 nm for the other, the above condition can be met.
With the pulses from these two lasers we have generated a set of more than ten collinear Raman sidebands from room temperature H 2 that have commensurate frequencies.( figure 1 ) The Fourier Transform of these sidebands shows that they constitute a train of ultrashort pulses with a constant envelope phase when the sidebands are phasecoherent. To demonstrate this, we took a subset (the -2 to 3 rd order) of these sidebands, from 1203 nm to 344 nm and adjusted the relative phase between the sidebands using a liquid crystal modulator. The approach of four-wave mixing in Xe as described in [8] was used to achieve this adjustment. The relative phase of the respective sideband was searched and set to a value where the Xe signal is at a maximum. When this procedure was completed for every sideband, a train of ultrashort pulses was formed. With the six sidebands, this leads to a single-cycle electric field half-width of about 0.5 fs and an energy envelope FWHM of 1.5 fs for each ultrashort pulse in the pulse train. Confirmation of short pulse formation and constant envelope phase is by self-cross-correlation of the pulse train. We take the pulse formed by the first three sidebands and delayed it relative to the pulse formed by the residual three sidebands. Simulation shows that if the frequencies are commensurate, then the envelope phase will be constant and the resulting four-wave mixing signal will have a periodic waveform as shown in the top trace in figure 2 . If it were not, then the waveform for every period would be different from the next one, as was the case in [6] . The bottom trace of figure 2 is the measured cross-correlation signal and it matches the results of the simulation, indicating that the pulses have a constant envelope phase.
The limitation to generating a shorter pulse duration currently is due to uv absorption by the liquid crystal phase modulator that we use to adjust the phase of the sidebands. After improving the phase modulation apparatus so that we can use more sidebands in the uv, the present scheme will permit us to generate a train of pulses as short as 500 as in the subfemtosecond regime. These pulses are generated in the optical region and have high peak power of over 1 MW each. They will be useful not only for above threshold photoionization, but also for studying electron dynamics in condensed matter and for subfemtosecond nonlinear optics studies. For the time being, while the envelope phase is constant within each pulse train it varies from one pulse train to another. This is because the a126_1.pdf ThA4.pdf relative phase of the input lasers is not fixed. This issue will need to be addressed when applying these ultrashort pulses in scientific measurements in the future. 
